The Synurophyceae is a clade of ecologically successful heterokont algae that often form an important component of freshwater ecosystems. These algae are characterized by distinctive siliceous scales that produce a highly organized covering around the cell ( Kristiansen, 2005 ; Siver, 2015 ) . Scale design is diagnostic at the species level and often highly ornamented, so that subfossil scales in the recent sediment record (e.g., centuries to millennia) remain identifi able and can serve as bioindicators of past environments. However, the evolutionary history of the group is poorly known because the fossil record has yielded limited specimens that trace the history of scale ornamentation and the relationships between the numerous scale designs. The lack of knowledge further limits their use as bioindicators over geologic time. Fossil localities with adequate age control yield specimens that constrain the temporal dimensions of molecular phylogenies, in this way enhancing the understanding of synurophyte evolutionary history.
The Synurophyceae is a clade of ecologically successful heterokont algae that often form an important component of freshwater ecosystems. These algae are characterized by distinctive siliceous scales that produce a highly organized covering around the cell ( Kristiansen, 2005 ; Siver, 2015 ) . Scale design is diagnostic at the species level and often highly ornamented, so that subfossil scales in the recent sediment record (e.g., centuries to millennia) remain identifi able and can serve as bioindicators of past environments. However, the evolutionary history of the group is poorly known because the fossil record has yielded limited specimens that trace the history of scale ornamentation and the relationships between the numerous scale designs. The lack of knowledge further limits their use as bioindicators over geologic time. Fossil localities with adequate age control yield specimens that constrain the temporal dimensions of molecular phylogenies, in this way enhancing the understanding of synurophyte evolutionary history.
Heterokont algae with siliceous scales covering the cell were historically classifi ed within the class Chrysophyceae ( Pascher, 1914 ; Bourrelly, 1957 ) . Based on a suite of characters, including pigmentation, arrangement of fl agellar basal bodies and roots, organization of the siliceous scales, basal contractile vacuoles, and lack of an eyespot, Andersen (1987) erected the class Synurophyceae in which the colonial genera Synura Ehrenberg and Chrysodidymus Prowse are placed in the family Synuraceae and the single-celled genera Mallomonas Perty and Conradiella Pascher in the family Mallomonadaceae. Tessellaria Playfair was subsequently added to the Synuraceae, but later removed based on differences in scale structure, arrangement of scales around the colony instead of individual cells, and gene sequence data ( Š kaloud et al., 2013 ) . In addition, Kristiansen (1988) suggested that Conradiella, originally described by Pascher (1925) as a unicellular organism surrounded by transverse rings of silica, may actually represent a misidentifi ed Mallomonas. There are currently just over 220 species or subspecifi c taxa recognized within the class Synurophyceae, the vast majority belonging to Mallomonas and Synura , and a small number of species attributed to Chrysodidymus ( Kristiansen and Preisig, 2007 ; Nĕmcov á et al., 2012 ) .
The phylogenetic relationship of the Synurophyceae to other heterokont groups, especially the Chrysophyceae, requires further investigation ( Andersen et al., 1999 ; Š kaloud et al., 2013 ) . Based on recent molecular phylogenies, it is unclear whether the synurophyte algae form a monophyletic clade separate from the closely related Chrysophyceae, or one nested within the latter class. Using the SSU rDNA gene, Andersen (2007) was able to resolve the Synurophyceae as a separate clade from the Chrysophyceae, but the same relationship is unresolved when the rbcL gene is included in the analysis. In subsequent molecular efforts based on the small subunit (SSU) rDNA gene ( del Campo and Massana, 2011 ) or combined SSU and rbcL genes ( Š kaloud et al., 2013 ) , the synurophyte clade is more defi nitively resolved within the Chrysophyceae, supporting the synurophytes as an order within the Chrysophyceae. Using a fi ve-gene data set, Yang et al. (2012) resolved the synurophytes as a distinct lineage nested within the paraphyletic Chrysophyceae. However, based on a larger 10-gene data set and with only weak support, the Synurophyceae formed a distinct clade from the Chrysophyceae, supporting a class ranking ( Yang et al., 2012 ) . Regardless, all of the studies are in agreement that the synurophyte algae form a well-defi ned monophyletic group.
Synurophytes are motile organisms with one or two emergent fl agella, either one bilobate plastid or two plastids, and a cell coat where the siliceous scales cover the entire cell with the exception of an opening from which fl agella emerge ( Fig. 1A , B ; Siver and Glew, 1990 ; Siver, 1991 ) . In the genus Tessellaria , the scales encircle the colony and not the individual cells. The ornamentation of the siliceous structures, especially the scales, forms a basis for taxonomy of the group, including species descriptions and delineation of series and sections ( Siver, 1991 ; Kristiansen, 2005 ) . There are many types of scales, including apical, body, caudal, domed, domeless, winged, and spined scales, all of which are positioned in precise locations so as to fully sheath the cell without hindering function. In addition to scales, most species of Mallomonas possess a second type of siliceous structure called a bristle ( Fig. 1A ) . Bristles are thin, elongate structures with one end tucked under the apical end of a scale such that they radiate out from the cell.
All scales possess a base plate, usually perforated with pores, and an upturned rim ( Siver, 1991 ; Kristiansen, 2005 ) . The rim is a portion of the scale margin that is curled up and bent over the base plate, usually situated on the proximal end of the scale and referred to as the posterior rim ( Fig. 1C-F ) . The majority of species have scales with additional structures, including secondary layers of silica deposited onto the base plate and spines or wings extending past the base plate. Additional structures unique to some species of Mallomonas are the V-rib, dome and bristle ( Fig. 1C ) . The V-rib is a prominent V-shaped ridge of silica positioned on the base plate. The dome is a raised cavity along the distal end of the scale into which the proximal end of a bristle, the foot, is tucked. The bristle shaft emerges from an inverted U-shaped opening along the distal margin of the dome. In some species the bristle shaft is formed when the margins of an elongated sheet of silica are rolled and merged together, forming a hollow cylinder. In other species the elongated shaft is solid, often with ridges that are lined with teeth.
Both Mallomonas and Synura are divided into sections and series, taxonomic ranks used to organize genera with large numbers of species, based largely on the morphology of siliceous structures. Kristiansen (2002) divided the genus Mallomonas into 19 sections. Nine of the sections are rare and contain only one or two species each. The remaining 10 sections are more speciose, each with between fi ve and over 40 taxa. Š kaloud et al. (2012) recognized 43 species of Synura , including 20 in the section Petersenianae ( Fig. 1E ) and 23 in the section Synura ( Fig. 1F ) .
The majority of specimens known from the fossil record represent cysts, the siliceous resting stage produced not only by species of synurophytes, but also members of the Chrysophyceae ( Nicholls and Wujek, 2003 ; Siver, 2015 ) . The oldest known deposit containing cysts is from Aptian-Albian marine sediments (Cretaceous, ca. 110 Ma, Harwood and Gersonde, 1990 ) . However, cysts are rarely reported in the fossil record until the Miocene (e.g., Williams, 1985 ) , yielding an extensive gap in the geologic record. Indeed, there was no geologic record of synurophyte scales or bristles older than Holocene until Siver and Wolfe (2005a) discovered a wealth of exquisitely preserved specimens in drill-core material from an Eocene paleo-lake occupying a kimberlite diatreme in northern Canada known as the Giraffe locality ( Siver and Wolfe, 2005b ; Wolfe and Siver, 2009 ; Siver and Lott, 2012 ) . Massive assemblages of synurophyte scales, bristles, and cysts have been revealed from this deposit, representing both extinct taxa as well as forms having clear affi nities to modern congeners (e.g., Siver and Wolfe, 2005a ; Siver et al., , 2013a Wolfe and Siver, 2013 ) . Juxtaposition of the paleontological record with multigene molecular phylogenetic reconstructions has substantially improved our understanding of the evolutionary timeline for Mallomonas ( Siver et al., 2013b ) . Here, we broaden this approach to include consideration of the Synurophyceae as a whole.
MATERIALS AND METHODS
Fossil study site -The Giraffe fossil locality (64 ° 44 ′ N, 109 ° 45 ′ W; paleolatitude 62 ° -64 ° N) represents the post-eruptive sedimentary fi ll of a kimberlite diatreme that was emplaced into the Slave Craton in the Northwest Territories of Canada during the middle Eocene Wolfe et al., 2006 ) . This is one of many kimberlites situated in the Lac de Gras region, most of which have Cretaceous or Paleogene emplacement ages ( Heaman et al., 2004 ) . After kimberlite emplacement, the Giraffe crater fi lled with water and become a maar lake ecosystem, slowly infi lling with a sequence of lacustrine then paludal sediments, and ultimately capped by Neogene glacial deposits ( Siver and Wolfe, 2005a ; Wolfe et al., 2006 ) . A drilled core 163 m long was uncovered from the kimberlite maar in 1999 by BHP Billiton . A total of 113.1 m of the core contained well-preserved, stratifi ed, organic sediment, including 68.3 m of lacustrine lake mudstones, overlain with 44.8 m of terrestrial, peaty material. Two air-fall tephra beds occur near the transition between the lacustrine and paludal remains that mark the fi nal infi lling of the aquatic phase and the beginning of the terrestrial phase.
The age of the Giraffe material has been assessed in three ways. First, a 87 Rb/ 87 Sr model age, based on kimberlitic phlogopite, estimates emplacement of the diatreme at 47.8 ± 1.4 Ma , providing a maximum age for the lacustrine sedimentary sequence. Second, diameter-corrected ( n = 2) and isothermal-plateau ( n = 1) fi ssion-track dates from the two tephra beds situated near the end of the lacustrine phase produce a weighted mean age model of 37.8 ± 1.99 Ma ( Doria et al., 2011 ) . Third, pollen assemblages from the core include Platycaryapollenites swasticoidus (Elsik) Frederiksen & Christopher ( Rouse, 1977 ; Hamblin et al., 2003 ) . Therefore, the extensive lacustrine mudstone facies in the core are demonstrably middle Eocene in age. The current investigation is based on examination of 100 samples from throughout the lacustrine section of the core, from sediments constrained to an age between 48 and 38 Ma.
Preparation and observation of fossil specimens -All fossil material used in this study originated from the middle Eocene Giraffe Pipe locality. Mudstone chips (50-500 mg) from over 100 zones distributed throughout the 68.3 m lacustrine phase of the Giraffe core were oxidized using 30% H 2 O 2 under low heat for a minimum of 1 h, rinsed with distilled water, and the resulting slurries were stored at 4 ° C in glass vials. Some samples were additionally oxidized with a sulfuric acid-potassium dichromate solution according to Marsicano and Siver (1993) to further separate microfossils from the rock matrix. Subsamples of slurries were air dried onto pieces of heavy duty aluminum foil. The aluminum foil samples were trimmed, attached to aluminum stubs with Apiezon wax, and coated with a mixture of gold and palladium for 2 min with a Polaron Model E sputter coater. Samples were examined with a Leo 982 or an FEI Nova fi eld emission scanning electron microscope.
The names assigned to the fossil specimens from the Giraffe locality are in three categories. First, many of the fossil species have been formally described and the names used to identify these organisms. Second, species found in the core with scales that are morphologically similar to modern taxa are referred to by the modern name ( Siver et al., , 2013b . Third, fossil species awaiting formal described are designated with "GP" numbers.
Placement of taxa within sections -We placed species into infrageneric sections for the genera Mallomonas and Synura according to Kristiansen (2002) and Š kaloud et al. (2012) , respectively, with two exceptions. Section Heterospinae of the genus Mallomonas is treated as a series within section Planae after the fi ndings of Jo et al. (2011) . A total of 24 of 31 fossil taxa were placed into sections ( Table 1 ) using characteristics of the scales as given by Kristiansen (2002) and Š kaloud et al. (2012) . Tentative placements are made for three additional fossil species; however, appropriate placements of the remaining four fossil taxa are unknown ( Table 1 ) .
Morphometric analysis -A minimum of 10, and usually 20, specimens was used to estimate the length and width of body scales for each fossil taxon. Morphometric estimates of scales and cells for 100 modern species of Mallomonas were taken from Siver (1991) and Kristiansen (2002) . Measurements for Mallomonas insignis Penard were taken from Siver et al. (2013b) . Mean estimates of the length and width of both scales and cells for 36 species were given by Siver (1991) . The vast majority of studies in the literature, including Kristiansen (2002) , reported only ranges of scale and cell sizes for synurophytes. To extend the number of modern species used in the morphometric phase of our study from 36 to 100, we used the midpoints of the ranges given by Kristiansen (2002) for the additional 63 species. We ran linear regressions between the mean estimates of the 36 species given by Siver (1991) with the midpoint values for the same species of Kristiansen (2002) . The relationships were highly signifi cant for each morphometric, supporting use of range midpoints. We further used regression analysis to establish relationships between scale and cell size for modern species and applied this relationship to estimate Strains and gene sequences used in phylogenetic analysis -The phylogenetic tree was constructed using sequences of fi ve genes, nuclear SSU and LSU rRNA, plastid 23S rRNA, psaA , and rbcL , from 176 synurophyte strains, including 77 from Synura , 97 from Mallomonas and two from Tessellaria (Appendix S1, see Supplemental Data with the online version of this article). The synurophyte strains represent a minimum of 60 described taxa, including 18 from Synura , 40 from Mallomonas , two from Tessellaria , and a number of new and undescribed organisms. Our phylogenetic analysis contains representatives from 12 of the 19 sections of Mallomonas , including strains from all of the 10 larger and more diverse sections. The seven rare sections of the genus not represented in our analysis collectively contain only nine species ( Kristiansen, 2002 ) . The 18 Synura species are equally divided between sections Synura and Petersenianae . Four additional species, Ochromonas danica E.G. Pringsheim, Ochromonas sp., Poteriochroomonas malhamensis (Pringsheim) Péterfi and Chromulina sp., were included as outgroups and to root the tree. The proportion of missing gene sequences from the 180 strains ranged from 1.7% (nuclear SSU) to 30% (plastid 23S rRNA) ( Table 2 ) .
The information and accession numbers for the strains used in this study are listed in Appendix S1. Strains were either obtained from culture collections or collected with a 20 µm mesh plankton net (Bokyeong, Pusan, Korea) from small ponds in Korea, isolated by Pasteur capillary pipette, and brought into unialgal culture. All isolates were grown in DY-V medium ( Andersen et al., 2005 ) buffered to pH 7.0 with 1.02 × 10 −3 M (concentration in fi nal medium) 4-morpholineethanesulfonic acid (MES) and maintained at 17-20 ° C under a 14 h light-10 h dark cycle with 30 µmol photons·m −2 ·s −1 from cool white fl uorescent tubes.
DNA extractions, amplifi cation, sequencing, and sequence alignment -DNA was extracted from cultured cells as described previously ( Jo et al., 2011 ( Jo et al., , 2013 . The fi ve genes (nuclear SSU and LSU rRNA, plastid 23S rRNA, psaA , and rbcL ) were amplifi ed using the paired primers described in previous studies ( Jo et al., 2011 ( Jo et al., , 2013 , using a PTC-0150 MiniCycler (MJ Research, Perkin-Elmer Co., Norwalk, Connecticut, USA). The 25 µL reaction mix contained 2 µL DNA (20 ng), 16.35 µL distilled water, 2.5 µL 10 × Ex Taq buffer, 2.0 µL each 2.5 mM dNTPs, 1.0 µL each 10 pmol primer and 0.15 µL DNA polymerase (5 U·µL −1 ; TaKaRa Ex Taq) (TaKaRa, Shiga, Japan). Amplifi cations were carried out using the following program: 5 min of denaturation at 94 ° C; 30 cycles of 94 ° C (30 s), 45-50 ° C (1 min), 72 ° C (2 min); and a fi nal extension at 72 ° C for 11 min, subsequently held at 4 ° C. The PCR products were sized on agarose gels and then purifi ed using the MinElute Gel Extraction Kit (Qiagen, Valencia, California, USA) according to the instructions. The purifi ed template was sequenced with internal primers of conserved regions using an ABI 3730xl sequencer (Perkin-Elmer Applied Biosystems, Foster City, California, USA). The alignment for each gene sequence was edited using the Genetic Data Environment (GDE 2.2) program ( Smith et al., 1994 ) . The sequences for the ribosomal genes, nuclear SSU and LSU, and plastid LSU were aligned by eye, using the secondary structure of the rDNA gene sequences of Mallomonas annulata (Bradley) Harris ( Wuyts et al., 2001 ) as a guide.
Molecular clock analyses -
We employed a Bayesian inference method with a relaxed clock model using the program BEAST v. 1.6.2 ( Drummond and Rambaut, 2007 ) to construct a phylogeny and simultaneously estimate branch divergence times for the synurophyte strains using the fi ve-gene data set. Unlinked and independent trees were developed for each gene and then used to construct a combined consensus tree. The uncorrelated lognormal model (UCLN) was used to estimate rate variation across all branches. Age estimates for fossil calibrations were treated as probabilistic priors and not point estimates ( Drummond et al., 2006 ; Ho and Phillips, 2009 ). We used lognormal priors for the splits between Mallomonas asmundiae (Wujek & Van der Veer) Nichols (strain CCMP 1658) and M . striata Asmund (strain Hwadong103108B), and between M . mangofera forma foveata Dürrschmidt and M . torquata Asmund & Cronberg. Both splits were based on an offset of 40 Ma, a mean of 0.5 and a standard deviation of 1.0 ( Jo et al., 2013 ) , which represents an estimate of the minimum age for the majority of the lacustrine mudstones in the Giraffe core, assuming they are younger than the emplacement age of the kimberlite, older than deposition of the tephra layers, and occur in greatest profusion in sediments beneath the 38 Ma volcanic horizons. A generalized time reversible (GTR) + gamma site model was applied to each of the genes in the data set, and a birth-death tree prior was used to model speciation. The analysis was run for 30 million generations with the chain sampled every 1000 generations. Convergence of parameter estimates and estimation of burn-in was checked using the program Tracer version 1.6. The initial 3000 trees (10%) were removed as burn-in and the remaining 27 000 trees used to construct the fi nal chronogram. The consensus tree, along with both 95% posterior probabilities and age estimates for all nodes, was visualized using Fig 
RESULTS
Phylogenetic tree and geological age of Synurophyceae -On the basis of our time-calibrated phylogenetic analyses, the synurophyte algae originated in the Jurassic, with the clade containing Tessellaria splitting at approximately 157 Ma ( Table 3 ; Fig. 2 ). The lineage containing the two cornerstone genera, Mallomonas (clade A) and Synura (clade B), evolved in the early Cretaceous at approximately 130 Ma, with the prediction that Synura is the younger genus. The genus Mallomonas further splits into two major subclades, represented here as A1 and A2, at approximately 124 Ma ( Table 3 ; Figs. 2, 3 ) . Taxa within subclade A1 have scales with a V-rib and represent organisms within the sections Insignes , Punctiferae , Quadratae , Torquatae , Akrokomae , Annulatae , Papillosae , Striatae and Mallomonas ( Fig. 3 ) . Subclade A2 consists of taxa with scales that lack a V-rib and are classifi ed within the section Planae .
The lineage containing Synura uvella Ehrenberg em. Korshikov diverges at the base of the Synura clade at approximately 100 Ma ( Table 3 ; Fig. 4 ) . The sister clade further splits into two subclades at 93 Ma, one that contains all of the species currently classifi ed in section Synura except for S . uvella (B1), and one that represents section Petersenianae (B2; Figs. 2, 4 ) . All Synura species within subclade B1 have spines that originate on the distal end of the scale and protrude forward away from the base plate, characteristic of the modern section Synura . In contrast, all taxa in subclade B2 possess a median keel that lies on and becomes fused with the top of the base plate, characteristic of section Petersenianae . The basal lineage in clade B containing S . uvella has forward projecting spines, indicating that development of the keel is the derived state.
Representatives of the earliest-diverging lineages within subclades A1 and A2 and clade B are all present in the Giraffe locality material ( Figs. 3, 4 ) . The oldest lineage within subclade A1 contains Mallomonas insignis , one of only two species in the genus that lacks bristles. Specimens that are morphologically indistinguishable from modern M . insignis are common throughout large sections of the Giraffe core ( Fig. 5B ; Siver et al., 2013b ( Fig. 3 ) . This taxon is abundant in several sections of the Giraffe core ( Fig. 5D ; Siver et al., 2013a ) .
Bristle types and their distribution on the cell in Mallomonas -All lineages within subclade A1(a) contain taxa bearing bristles ( Fig. 3 ) . Although a wide range of bristle types is found within subclade A1(a), they all have solid shafts. The earlierbranching lineages within subclade A1(a), represented by the sections Torquatae , Annulatae , and Akrokomae , contain species where the bristles are restricted to a single ring of scales surrounding the fl agellar pore ( Fig. 3 ) . In contrast, more recent lineages in subclade A1(a) represented by sections Papillosae , Striatae , Pseudocoronatae , and Mallomonas have species where the bristles become more widely distributed over the body of the cell and associated with scales with well-developed dome structures ( Fig. 3 ) . The basal lineage within subclade A1(b), represented by Mallomonas punctifera Korshikov, also possesses bristles with solid shafts that are distributed over most of the cell ( Fig. 3 ) ; however, the other lineages in this subclade do not. The sister lineage containing Mallomonas adamas Harris & Bradley lacks bristles altogether, while taxa evolving after this time period have bristles with rolled shafts that are associated with scales restricted to both ends of the cell ( Fig. 3 ) .
In contrast, all taxa within subclade A2 possess bristles of the rolled type with smooth shafts that are widely distributed over the majority of the cell surface. Species with bristles constrained to particular regions of the cell, such as only surrounding the fl agellar pore, are lacking in subcalde A2. Scales of species in subclade A2 lack domes altogether (e.g., Mallomonas oviformis Nygaard and M . caudata Ivanov em. Krieger) or have very shallow cavities (e.g., Mallomonas heterospina Lund).
Linking fossil taxa to the phylogenetic tree -Numerous specimens from the Giraffe locality can be associated unambiguously with modern species, closely related taxa, or specifi c sections of the genera Mallomonas and Synura ( Table 1 ) . The Giraffe locality contains defi nitive specimens representing at least 12 sections (13 including section Heterospinae ) within the genus Mallomonas , including eight (possibly nine) of the 10 most diverse ( Table 1 ) . In addition, species representing sections Synura and Petersenianae in the genus Synura are also well represented in the middle Eocene material.
A minimum of six fossil species of Mallomonas can be assigned to subclade A2. Based on the classifi cation system presented in Kristiansen (2002) , fi ve of the species would be placed within section Planae , and one in section Heterospinae ( Table  1 ) . In addition, three of the four series within section Planae are also represented in the core. Mallomonas pleuriforamen Siver et al. ( Fig. 5E ) and Mallomonas GP19 ( Fig. 5F ) clearly link to M . matvienkoae (Matvienko) Asmund & Kristiansen and M . oviformis , respectively, both in series Matvienkoannae . As noted, fossil specimens virtually identical to M . bangladeshica ( Fig. 5A ) and M . peronoides ( Fig. 5G ) in series Peronoides have been identifi ed in the core . Fossil specimens of Mallomonas pseudocaudata Siver & Wolfe ( Fig.  5H ) , a taxon that superfi cially resembles the modern species M . caudata ( Siver and Wolfe, 2005b ) , can be classifi ed within series Caudata . Scale and bristle remains similar to the modern taxon Mallomonas multiunca var. pocosinensis Siver can be placed in section Heterospinae ( Fig. 6A ) . Three additional fossil species discussed below, Mallomonas porifera Siver & Wolfe ( Figs. 6B-C ) , Mallomonas schumachii Siver ( Figs.  6D, 9G, 9H ) and Mallomonas sp. GP9 ( Fig. 6E ) , all lack V-rib structures and presumably represent extinct stem taxa in subclade A2.
In addition to M . insignis belonging to section Insignes , 15 other fossil species can be assigned to subclade A1 ( Table 1 ) . One of the earlier branches within subclade A1, diverging at 104 Ma, contains taxa within the sections Punctiferrae and Quadratae ( Fig. 3 ) . Section Punctiferrae is clearly represented highest posterior density interval (HPD), and posterior probabilities for selected nodes labeled on the Mallomonas ( Fig. 3 ) and Synura ( Fig. 4 ) 68  18  100  49  42  58  19  100  45  33  61  20  100  43  41  47  21  100  42  41  45  22  100  42  31  52  23  100  38  28  62  24  100  25  14  38  25  100  23  16  31  Synura tree  1  100  100  79  142  2  100  93  74  134  3  100  84  66  118  4  100  76  58  108  5  100  62  32  99  6  100  55  41  79  7  100  50  32  73  8  8 4  4 6  2 9  6 5  9  100  24  13  40  10  100  22  11  36  11  100  15  10  21  12  100  15  3  31  13  99  12  8  17  14  100  11  2  22  15  100  11  7  17 in the Giraffe core by Mallomonas sp. GP4 ( Fig. 6F ) and possibly by Mallomonas GP13 ( Fig. 6G ) . Scale characteristics of Mallomonas sp. GP4, a common species in the Giraffe core, are strikingly similar to those on the modern taxon M . nieringii Siver known only from eastern North America. Fossil remains belonging to section Quadratae are abundant in the Giraffe locality, and many of the specimens are comparable to the modern taxon Mallomonas lychenensis Conrad ( Figs. 6H, 7A ) . Some of the fossil specimens have large pits on the scale that are more or less arranged in two rows, similar to M . lychenensis . However, unlike the modern taxon, most of the fossil specimens lack surface papillae ( Fig. 7A ) , and none have been found where the scale is covered with these structures as observed on modern specimens. Some specimens do have an intriguing array of papillae consisting of three widely spaced linear rows ( Fig. 6H ) . Other fossil specimens, which likely represent a different species, lack surface papillae and large pits altogether ( Fig. 7B ) . Fossil specimens representing the speciose section Torquatae are present in the Giraffe core, confi rming that this lineage was also well established by the middle Eocene. Species in this section are characterized by having a ring of specialized Fig. 2 . Time-calibrated phylogenetic tree for the Synurophyceae from a BEAST analysis of the fi ve-gene data set. The top number at each node represents the mean divergence time (in millions of years); the bottom number is the percent posterior probability. The class is divided into clades represented by species within the genera Tessellaria , Mallomonas (clade A) and Synura (clade B). Clades A and B are further split into subclades that correlate with the distinctive scale types illustrated. Subclades A1 and A2 include taxa that have scales with and without a V-rib, respectively. Subclades B1 and B2 include species with a forward projecting spine or a median keel, respectively. The number of strains in each clade is noted. Fig. 3 . A detailed time-calibrated phylogenetic tree for Mallomonas (clade A) from a BEAST analysis of the fi ve-gene data set and depicting taxa associated with two major subclades. Subclade A1 includes species that have scales with V-ribs and bristles with solid shafts. Subclade A2 includes species that have scales lacking V-ribs and rolled bristles. Estimated ages and posterior probability values for 25 selected nodes (indicated by the numbers) are provided in Table 3 . Section designations within the genus, distributions of bristles on the cell, and calibration nodes are noted. Dates are in millions of years (Ma). scales that surround the fl agellar pore, bear bristles, and form a protruding apical end referred to as the collar. Fossil collar and body scales of Mallomonas sp. GP2 ( Fig. 7C ) are similar to scales of the modern species Mallomonas eoa Takahashi in Asmund & Takahashi, and those of Mallomonas sp. GP1 to M . mangofera f. foveata ( Fig. 7D ) . We have uncovered a number of scales, including those of Mallomonas preisigii Siver & Lott ( Fig. 7E ) , that likely represent species in the section Papillosae . Except for the recessed dome, scales of M . preisigii fi t this section of the genus and are most similar to Mallomonas calceolus Bradley ( Siver and Lott, 2012 ) .
Lineages represented by sections Striatae and Pseudocoronatae are estimated to have evolved at about the time that the Giraffe maar formed ( Fig. 3 ) . Fossil specimens that are virtually identical to Mallomonas asmundiae and representative of section Striatae are abundant in the core ( Fig. 7G ) . Mallomonas giraffensis Siver & Wolfe ( Fig. 7H ) is an extinct relative of Mallomonas lelymene Harris & Bradley in section Pseudocoronatae . The large and prominent dome, wing-like extension of the anterior submarginal rib, and shallow posterior rim supported by numerous struts found on M . giraffensis scales ( Fig. 7H ) are similar to the suite of characters that distinguish M . lelymene .
Mallomonas sp. GP17 is another extinct species found in Giraffe that bears large scales with a prominent dome, anterior wings, a V-rib, and a shallow posterior rim ( Fig. 7F ), similar to that of M . giraffensis and M . lelymene . However, at the base of the dome on scales of Mallomonas sp. GP17 is a very distinctive, elongated opening lined with a thick rim (arrow, Fig. 7F ). In the modern fl ora, this unique feature is only known on scales of Mallomonas leboimei Bourrelly and M . paludosa Fott, the two species that comprise the section Leboimianae , strongly suggesting this lineage was also present by the Eocene.
The section Mallomonas , one of the largest sections of the genus in the modern fl ora, was well represented in our molecular analysis with 11 recognized species ( Fig. 3 ) . Section Mallomonas was monophyletic in our analysis, split from section Pseudocoronatae approximately 42 Ma, and represents one of the youngest lineages in the genus. Mallomonas dispar Siver, Lott & Wolfe ( Fig. 8A ) and Mallomonas sp. GP11 ( Fig. 8B ) Two additional species present in Giraffe mudstones, Mallomonas ampla Siver & Lott ( Fig. 8D ) and M . retrorsa Siver ( Fig. 8E ) , are clearly representative of sections Multisetigerae and Retrorsae , respectively. Today, each of these sections contains only one species, neither of which was included in our molecular analysis. Nonetheless, M . ampla is undoubtedly related to Mallomonas multisetigera Dürrschmidt ( Siver & Lott, 2012 ) , and scales with features similar to M . retrorsa are in the core ( Fig. 8E ) .
Synura recurvata ( Fig. 5C ) is strikingly similar to S . uvella , the basal lineage of the genus Synura ( Fig. 4 ) . In addition, scales virtually identical to S . macracantha ( Fig. 5D ) and S . nygaardii (Petersen & Hansen) Kristiansen ( Fig. 8F ) and representing subclades B2 and B1, respectively, are common elements of the core ( Siver et al., 2013a ) .
Fossil taxa of uncertain taxonomic position -Mallomonas porifera , M . schumachii , Mallomonas sp. GP13, and Mallomonas sp. GP9 possess large scales that lack V-rib structures and most likely represent extinct relatives of the section Planae in subclade A2 ( Figs. 6B-E, G ) . Cells of M . porifera have three distinctive types of large scales, triangular-shaped apical scales that attach bristles, body scales that lack bristles, and posterior scales bearing spines ( Figs. 6B, C ; Siver and Wolfe, 2010 ) . Apical scales secure bristles by curling the margin under and around the shaft of the bristle. Body scales lack V-ribs, domes, and secondary structures, but possess a unique and rather large pit in the geometric center of the base plate. Spine-scales are triangular-shaped, with spines reaching 20 µm in length ( Siver and Wolfe, 2010 ) . Bristles are of the rolled-type with a distinctive foot bearing an ear-like fl ap used to hold it in place under the scale ( Fig. 9E, F ) . This combination of characters is unique and unlike any recognized section of the genus, making it diffi cult to align M . porifera to a modern lineage. However, the lack of a V-rib and dome on the body scales, coupled with rolled bristles implies a close connection with subclade A2 and a more likely link to section Planae .
Body scales of Mallomonas schumachii are large, squareshaped, with a small shallow dome, a narrow posterior rim, and a thick secondary layer covering over 2/3 of the base plate ( Fig.  6D ; Siver, in press a) . In addition, M . schumachii possesses triangular-shaped scales with forward-projecting spines that presumably surround the fl agellar pore, and rolled bristles with a large foot and a smooth shaft with tiny teeth lining the distal apex ( Fig. 9G, H ) . Bristles are distributed over most of the cell. The large planar body scales and distinctively rolled bristles likely places M . schumachii as a stem taxon of section Planae .
Scales of Mallomonas sp. GP13 are large, square-shaped with two prominent submarginal ribs, a small dome for securing bristles, and a narrow posterior rim, and they lack secondary structures on the shield ( Fig. 6G ) . Similar to M . porifera and M . schumachii , this species also has triangular-shaped apical scales and likely represents yet another stem taxon in subclade A2.
Mallomonas sp. GP9 scales are variable in terms of size and structure ( Fig. 6E ) and probably represent a stem species of subclade A2. Except for a series of large pores at the base of the posterior rim and a few, large, widely spaced papillae scattered over the anterior end, most scales of Mallomonas sp. GP9 are otherwise unornamented ( Fig. 6E ) . Some scales have two small ribs near the center of the base plate. On other scales, the anterior margin is extended into a large spatula-like structure always bent to the right side of the scale and possibly used to attach bristles.
Numerous specimens of two additional extinct species, Mallomonas sp. GP18 and Mallomonas media Siver & Lott, are noteworthy. Scales of Mallomonas sp. GP18 are large with a broad and rounded posterior end, a thin posterior rim, and a square-shaped distal end that is raised slightly presumably for bristle attachment ( Fig. 8G ) . The base plate pores are large in the posterior region, becoming progressively smaller on the distal end. A large, oval-shaped, submarginal rib encircles approximately three-quarters of the base plate. The area of the base plate inside of the submarginal rib is lacking of secondary structure, but the region outside contains a reticulation of ribs. Superfi cially, scales of Mallomonas sp. GP18 share some features with a few species within the section Heterospinae , but its taxonomic position remains uncertain.
The taxonomic position of Mallomonas media is also unknown ( Siver and Lott, 2012 ) . Scales of this taxon are large, with a broad posterior rim, a thick secondary honeycomb reticulation that aligns the distal half of the scale, and a shallow dome that is recessed far from the scale margin ( Fig. 9A, B ) . The combination of characters, especially the recessed dome, is unique, but since this species lacks a V-rib, it likely represents another extinct taxon within subclade A2.
Scales of Mallomonas convallis Siver & Wolfe are also unique in the fact that the posterior rim bends down and attaches to the base plate, enclosing a hollow cavity ( Fig. 8H ) . This taxon has a well-formed V-rib and belongs to subclade A1, but its position within the clade is unknown. Superfi cially, some features of the scales resemble those of Mallomonas ouradion Harris & Bradley.
Synura cronbergiae Siver ( Fig. 9C ) is characterized by long, slender scales each bearing a small forward-projecting spine, a base plate with evenly spaced pores and a secondary layer of hexagonal chambers that completely covers the surface of the scale ( Siver, 2013 ) . The position of S . cronbergiae within the genus is unclear given its unique suite of characteristics. Superfi cially, the scales resemble those of a rare species in section Petersenianae , Synura longisquama Wujek & Elsner. However, the presence of a forward projecting spine and lack of a median keel clearly separate it from S . longisquama ( Wujek and Elsner, 2000 ) .
Morphometric analyses and temporal trends in scale size -Morphometric data for 125
Mallomonas species were used to establish relationships between scale and cell size and to investigate differences between fossil and modern forms. Mean scale sizes for all modern ( n = 100) and fossil ( n = 25) taxa ranged from 1.9 to 10.5 µm (length) and from 1.3 to 7.9 µm (width). There is a highly signifi cant relationship ( r 2 = 0.90; P < 0.001) between scale length and width for the combined modern and fossil population, with nearly equal power when either fossil ( r 2 = 0.90; P < 0.001) or modern (r 2 = 0.89; p < 0.001) populations are considered separately ( Fig. 10A ) . On average, scales of fossil Mallomonas species were signifi cantly larger than modern taxa ( F 1, 123 = 17.0; P < 0.001), with a mean of 6.0 × 4.0 µm as compared with 4.3 × 2.8 µm for modern forms. We further divided the fossil species into three groups: (1) taxa without modern analogs and presumed extinct; (2) species lacking direct analogs, but linked to modern forms; and (3) organisms that are morphologically similar, if not identical, to modern organisms. Scale size was signifi cantly different between the three fossil groups ( F 2, 24 = 50.2; P < 0.001), ranging from a mean of 8.7 × 4.2 µm for extinct forms (group 1) to 4.2 × 2.4 µm for species with clear modern analogs (group 3; Fig. 10B ). Fossil species that are morphologically different but can be linked to modern taxa (group 2) had a mean scale size of 6.2 × 3.5 µm, in between the other two groups ( Fig. 10B ) . There was no overall difference in scale size between fossil taxa with close (identical) modern analogs (group 3) and their modern congeners. However, four individual taxa, Mallomonas bangladeshica , M . multiunca var. pocosinensis , M . insignis , and M . lychenensis , had smaller scales in the Eocene compared with their modern congeners.
The mean cell size of the 100 modern Mallomonas species included in the analysis was 22 × 9.9 µm, with a range of 7-70 × 2.5-21 µm. Although there is considerable variability in cell length relative to scale length, a signifi cant relationship was found with an r 2 = 0.60 ( P < 0.05; Fig. 10C ) . A similar relationship was also observed between cell length and scale width. We also established a relationship between cell length and cell width, with the latter increasing to a maximum of approximately 20 µm with increasing cell length ( Fig. 10D ) .
We used the linear relationship between scale and cell length for modern species [cell length = −1.2 + (5.3 × scale length)] to estimate cell length for fossil taxa. Using this relationship, fossil cells from the Giraffe locality ranged in length from 12 to 54 µm, with a mean of 31 µm. However, the estimated cell length of the extinct subset is considerably larger with a mean length of 45 µm and range of 21 to 54 µm.
DISCUSSION
On the basis of our analysis, the clade containing Mallomonas and Synura diverged from Tessellaria between the late Triassic and Early Cretaceous (207-121 Ma), most likely in the Late Jurassic (approximately 157 Ma). Our results for the genus Mallomonas largely agree with two previous studies by Jo et al. (2011 Jo et al. ( , 2013 . The earlier works, using fewer taxa and a threegene data set, demonstrated that Mallomonas split into two major clades during the Early Cretaceous, one containing species with scales with a V-rib and the other with species lacking this structure ( Jo et al., 2013 ) . Our current study supports this signifi cant event in the evolution of Mallomonas and agrees with a divergence time in the Early Cretaceous. All three studies are in agreement that taxa within series Peronoides of section Planae diverged at the base of the clade lacking V-ribs, that species in section Heterospinae should be reclassifi ed within section Planae , and that the submarginal rib system found on some taxa in section Heterospinae is not homologous with a V-rib.
The remaining topology of the Mallomonas tree uncovered by Jo et al. (2013) is largely congruent with, and in most respects identical to, our fi ndings. One key difference is the position within the tree of the ancient lineage represented by Mallomonas insignis . In the Jo et al. (2013) study, M . insignis diverged within the V-rib clade at the base of the subclade containing species in sections Punctiferae and Quadratae . In our current analysis, the M . insignis lineage is sister to the other lineages within the V-rib clade (our subclade A1), splitting at approximately 111 Ma. The early divergence of M . insignis is not surprising given that this species differs from all other taxa in the genus in lacking bristles and possessing spine-bearing scales at each end of the cell ( Siver et al., 2013a , b ) .
Our results support a hypothesis where Mallomonas taxa bearing scales with a V-rib (subclade A1 on Fig. 3 ) also evolved bristles with solid shafts that are typically ribbed and serrated. In contrast, Mallomonas species with scales lacking a V-rib (subclade A2 in Fig. 3 ) evolved a distinctly different type of bristle formed by the rolling or bending of a silica sheet, yielding a hollow and smooth shaft that often bears a seam where the edges of the sheet meet ( Siver, 1991 ; Kristiansen, 2002 ) . A second and independent origin of a rolled bristle type evolved within subclade A1(b). Similar to other taxa in subclade A1(a), the oldest lineage in subclade A1(b), represented by M . punctifera , has solid, ribbed bristles. However, the sister species M . adamas is the only other species (other than M . insignis ) in the genus to lack bristles ( Kristiansen, 2002 ) . This lack suggests that the bristle structure was lost in this lineage. Species that evolved after M . adamas [e.g., M . splendens (West) Playfair em. Croome et al., and Mallomonas sp.1] are unique in bearing rolled bristles that are restricted to the ends of the cell ( Fig. 3 ) , indicating a second origin of this bristle type.
Although we have not been able to link bristles to many of the fossil species due to the disarticulated nature of specimens, the ones we have been able to associate with defi nitive species fi rmly support the distinction in bristle structure between the Mallomonas subclades. Two extinct species representative of subclade A2, M . porifera and M . schumachii , have rolled and hollow bristles with a clear seam along the length of the shaft ( Siver and Wolfe, 2010 ; in press a ; this paper, Fig. 9E-H ) . In contrast, fossil species within subclade A1(a), including M . asmundiae , M . lancea , M . ampla , and Mallomonas sp. GP17, have solid and ribbed bristles with serrations along the shaft. Interestingly, some modern species of Synura , such as S .
spinosa Korshikov and S . mammillosa Takahashi, possess elongated scales referred to as tubular scales ( Takahashi, 1978 ) that are similar in many respects to rolled bristles. Tubular scales within the genus Synura may represent yet another independent origin of a bristle-like structure.
On modern species of Mallomonas , the foot of the bristle is secured under the distal margin of the scale as to allow the shaft to radiate out from the cell and rotate on its axis. For species possessing a dome, the bristle foot is tucked within the raised and hollow space of the dome, and the shaft emerges from an opening along the scale margin ( Fig. 1C ) . Except for the opening from which the shaft emerges, the remaining margin of the scale rests upon another scale, effectively holding the bristle in place. There are a number of fossil species in the Giraffe core that exhibit alternate strategies of bristle attachment, namely Mallomonas porifera , M . ampla , M . preisigii , and M . media ( Siver and Wolfe, 2010 ; Siver and Lott, 2012 ) . Mallomonas porifera secured its large and robust bristles by wrapping the margin of the scale around the shaft and locking it into position with a small ear-like extension on the foot. This method of attachment would restrict full rotation of the bristle relative to modern forms. There are no modern species that attach bristles in this manner, supporting the hypothesis that M . porifera is an ancient stem taxon of subclade A2. The other three species all had shallow domes recessed to various degrees from the scale margin (e.g., Figs. 8D, 9A, 9B ). These recessed dome designs would likewise limit the rotational fl exibility of the bristle since part of the shaft would underlie a portion of the scale. Evolution of a larger dome with an opening positioned on the scale perimeter, as found on most modern species, would yield maximum fl exibility in bristle rotation ( Siver, 1991 ; Siver and Lott, 2012 ) .
The presence or absence of a V-rib on the scale clearly marks a major event in the evolution of the synurophytes. Siver and Glew (1990) and Siver (1991) proposed that the purpose of the V-rib was to help evenly space scales on the cell covering, producing a more intact and organized structure that would maintain spacing of scales and bristles. Assuming a more organized cell covering is also more effi cient, it would not be surprising if multiple mechanisms for spacing the scales evolved since the origin of the group in the Late Jurassic. Although the majority of taxa within subclade A2 clearly lack a V-rib, a few species have evolved other types of secondary structures that may aid in spacing of scales on the cell covering in a fashion similar to the V-rib. For example, the thick central ridge on scales of Mallomonas peronoides and M . bangladeshica appears to assist in organizing the scale covering. A few species in the section Heterospinae as defi ned by Kristiansen (2002) , such as M . canina Kristiansen, have a submarginal rib structure that is similar in appearance, but not homologous with, the V-rib structure found on species in subclade A1.
Today, species of the genus Synura are divided into two major sections, those with forward projecting spines in section Synura and those with a median keel atop the scale proper forming section Petersenianae ( Š kaloud et al., 2013 ; Siver, 2015 ) . Historically, there was a third section, section Lapponica , that contained Synura lapponica Skuja; however, Š kaloud et al. (2013) recently showed that S . lapponica belongs to Tessellaria and made the appropriate transfer. Our analysis supports the distinction between the two primary sections Synura (subclade B1) and Petersenianae (subclade B2), the transfer of S . lapponica to Tessellaria , and further suggests that the ancestor of the genus had scales with forward projecting spines (e.g., S . uvella ). The presence of Synura nygaardii and S . macracantha in the middle Eocene ( Siver et al., 2013a ) is not surprising given these lineages diverged before the formation of the Giraffe maar. Interestingly, the more widespread and common species Synura petersenii Korshikov and its closely related allies ( Š kaloud et al., 2012 , 2014 ) have not been uncovered in Giraffe material. This absence also makes sense because this cluster of species did not evolve until the late Oligocene and radiated over the last 11 Ma. Siver et al. (2013a) illustrated a few specimens of a taxon belonging to the section Petersenianae from another kimberlite maar lake known as the Wombat locality that is possibly older than Giraffe. The Wombat specimens have a wide keel and a series of small ribs that connect the keel to the base plate, yielding a morphotype that lacks a defi nitive modern analog. It is possible that the S . petersenii lineage is older than our analysis indicates or that the Wombat specimens represent an ancient stem taxon that evolved after S . macracantha , but before S . bjoerkii (Cronberg & Kristiansen) Š kaloud et al., and S . asmundiae (Cronberg & Kristiansen) Š kaloud et al. ( Fig. 4 ) . Lastly, the striking resemblance of S . recurvata to S . uvella Wolfe, 2005a , 2005b ) implies that this former species may be related to the basal lineage of the genus.
In their monograph on Mallomonas , Asmund and Kristiansen (1986) , and later Kristiansen (2002) , considered species with scales that lacked domes and secondary structures, that had smooth, rolled, and bifurcate bristles, and that had cells with two emergent fl agella as ancestral to the genus. In terms of scales, the idea was that more primitive species produced scales with simple designs lacking secondary structures, eventually giving rise to taxa with more complex scales. However, our analysis does not support this concept. Basal lineages to the subclades, including Mallomonas bangladeshica , M . insignis , Synura uvella , and S . macracantha , all possess scales with relatively complex ornamentation. In addition, scales of the common species M . caudata are among the simplest types, bearing no more than a plain base plate and upturned posterior rim. Yet, this taxon is a more recent organism, having evolved well after lineages possessing highly ornate scales such as M . bangladeshica , M . heterospina , and M . oviformis ( Fig. 3 ) . The same is true of Synura sphagnicola (Korshikov) Korshikov, another recent species with simple scales lacking secondary structures ( Fig. 4 ) .
Detecting the V-rib on scales from organisms within the branch of subclade A1(b) containing Mallomonas adamas , M . splendens , and Mallomonas sp.1 can be diffi cult due to the extensive and thick secondary layer that covers the majority of the scale. Based on scanning electron microscopy (SEM), Mallomonas sp.1 has an obvious V-rib ( Fig. 11A ). Yet, with transmission electron microscopy (TEM), the V-rib is diffi cult to detect ( Fig. 11b ) , and Mallomonas sp.1 appears to represent Mallomonas bronchartiana , an organism originally described by Compère (1974) . Kristiansen (2002) classifi ed M . bronchartiana in section Planae because of the apparent lack of a V-rib when viewed with TEM. If Mallomonas sp.1 is indeed M . bronchartiana , the latter species needs to be removed from section Planae and placed into section Quadratae . In similar fashion, the presence of a V-rib is observed with SEM on scales of M . adamas (see fi g. 24g in Kristiansen, 2002 ) and M . splendens (see fi g. 21f in Kristiansen, 2002 ) , both belonging to the section Quadratae . Detecting a V-rib on other species within section Quadratae , such as M . lychenensis Conrad, is more diffi cult since the extremely thick secondary layer abuts to and merges with the V-rib. Nonetheless, evidence of this structure can be observed on specimens of this taxon (e.g., arrows, Fig. 7A ).
The majority of extinct synurophyte species found in the Giraffe locality have very large body scales (e.g., compare extinct Mallomonas sp. GP13 to M . GP11 with modern affi nities, Fig.  9D ), scales with extensive protrusions (e.g., Mallomonas sp. GP9), and/or large apical and spine scales (e.g., M . porifera ), all of which are signifi cantly larger than the vast majority of modern species. In fact, the largest-known scale types all belong to extinct synurophytes. Although it is unknown why species with large scales went extinct, it is possible that the gigantism of scales became disadvantageous to cell development or survival and ultimately resulted in their demise. It is reasonable to assume that for cells of the same size, larger fl at scales would be more diffi cult to overlap and conform to the curved contours of the cell. If this rule is true, smaller cells are likely to be covered by smaller scales, and larger scale types likely produced only by species with larger cells. When the relationship between scale size and cell size for modern species is applied to fossil specimens, we estimate a mean cell size for extinct taxa double that of species represented in the modern fl ora. Such large cells with correspondingly large scales and bristles would presumably be heavy, cumbersome, slow, more prone to predation, less likely to reproduce sexually, and ultimately less fi t for survival.
The warm climate of the Paleogene that peaked in the Eocene may have been a driver of cell size diminution. As a general rule, protists decrease in size linearly with an increase in temperature ( Montagnes and Franklin, 2001 ; Atkinson et al., 2003 ) . The middle Eocene witnessed global temperatures that were signifi cantly warmer than present ( Zachos et al., 2008 ( Zachos et al., , 2010 , and some estimates project the Arctic to have experienced mean annual temperatures over 10 ° C warmer than today ( Eberle and Greenwood, 2012 ) . Perhaps the warm conditions of the Eocene made survival diffi cult for species with large cells bearing large and heavy scales.
A comparison of scale size for taxa present in the Eocene and with modern congeners supports a potential connection with climate. In contrast with extinct organisms, species in the Giraffe sediments with defi nitive modern congeners have scales that are of similar size or smaller than their modern relatives. That is, some modern taxa are producing scales that are larger relative to their Eocene relatives, but still considerably smaller than the forms that went extinct. For example, fossil scales of Mallomonas insignis , found to be identical in shape and design to their modern counterpart, were signifi cantly smaller than modern specimens ( Siver et al., 2013b ) . The same is true for M . bangladeshica , M . lychenensis , and M . multiunca var. pocosinensis , each producing smaller scales in the early Cenozoic. In this case, the slightly larger scale size may be the result of the progressively cooler climatic conditions that have developed since the late Eocene.
In summary, the Giraffe locality has provided an unprecedented wealth of fossils and information on the evolutionary history of the synurophyte algae. Specimens representing at least 15 sections of the genera Mallomonas and Synura have already been uncovered from the Eocene maar lake, allowing for documentation of an extensive portion of the synurophyte phylogeny at this point in geologic time. Approximately one third of the synurophyte morphospecies uncovered from the site are believed extinct, but the remaining fossil species can be readily linked to modern congeners. The majority of the extinct fossil species manufactured huge scales compared with modern species, and likely produced correspondingly large cells, both of which may have proved detrimental to their survival. There was also excellent agreement between the estimated ages of major lineages within the synurophyte tree based on our molecular analysis, and the fossil taxa uncovered from the Giraffe locality. Many common and widespread modern synurophyte species estimated to have evolved later in the Cenozoic were not found, lending further support for the age structure of the phylogeny. The current taxonomy of the synurophytes, derived extensively from the morphology of siliceous components ( Kristiansen and Preisig, 2007 ; Siver, 2015 ) , is largely congruent with, and supported by, our molecular analysis. The majority of species assigned to specifi c sections of the genus based on characteristics of the siliceous components were monophyletic in the molecular analysis. Thus, linking fossil taxa based on morphological features to a modern gene-based phylogeny greatly enhances our understanding of the evolutionary history of the group and, more specifi cally, the relationships between sections. At the same time, the pairing of micropaleontology and molecular phylogeny implies that much older synurophyte fossils should exist and that a ghost lineage spanning as long as 250 Ma may exist ( Fig. 2 ) . Given the extent of the Giraffe deposit and the timeconsuming nature of examining the microscopic detail of the rocks contained in the extensive core, many more fossil synurophytes, as well as fossils representing other organisms, are likely awaiting discovery. 
